It is well known that water inside hydrophobic nano-channels diffuses faster than bulk water.
Introduction
Study of water diffusion inside Carbon Nanotubes (CNTs) has attracted great interdisciplinary interest as conduit for understanding nanofluidic properties in a variety of nanoporous systems having potential in many applications, such as water treatment technologies 1 , drug delivery 2-3 , intracellular solute transport control 4 , and energy storage systems [5] [6] . Theoretical methodsmostly Molecular Dynamics (MD) simulations 2, [7] [8] have been used to investigate the structure and dynamics of water molecules inside CNTs. A major outcome of these studies is that water molecules tend to stratify in coaxial tubular sheets inside CNT channels 7, [9] [10] , In certain CNT sizes, water molecules diffuse faster than bulk water 7, [11] [12] , due to the change in hydrogen-bond network, upon confinements. This fast water motion has been explained by several authors as due to H-bond modifications in the hydrophobic nanochannels, or due to geometrical effects and curvature induced incommensurability between the water and the CNT walls 7 .
From the experimental point of view, a great number of methods, such as infrared spectroscopy 13 , Raman spectroscopy [14] [15] , Thermogravimetric analysis 16 , Transmission Electron Microscopy (TEM) [17] [18] [19] [20] [21] , X-ray Compton scattering [22] [23] , and Nuclear Magnetic Resonance (NMR) [24] [25] [26] [27] have been widely used in the study of molecular confinement and transport through the CNT channels 28 . However, until now there is scarce experimental evidence at molecular scale, regarding the way water organizes and diffuses inside the CNTs, and the way these properties vary as a function of temperature.
These challenges are associated with a fundamental problem in the physics of soft matter, which is still not well understood, i.e. the microscopic origin of the temperature dependence of the structural and dynamic properties, such as structural relaxation times and transport coefficients, of confined liquids (see for example ref. 29) . The manifestation of a non-Arrhenius behavior in the temperature dependence of both the translational and rotational dynamics of liquid water has led Angel to introduce the concept of fragility, a useful classification of liquids along a strong and fragile scale 29 . According to this conception, a pure Arrhenius behavior classifies a strong liquid whereas a non-Arrhenius one signifies a fragile behavior. This is demonstrated for example in the supercooled state of water where an increase of the apparent activation energy is observed upon cooling, noticeable even from room temperature. Water confined in nanotubes exhibits similar phenomena as described in this work.
In the above context, NMR is an important noninvasive tool with atomic scale resolution for studying water-surface and nano-confined water systems. Standard NMR experiments typically include longitudinal T1, transverse T2 relaxation times, self-diffusion coefficient D, and lineshape measurements. In a recent survey 28 of NMR studies on the water dynamics inside CNTs, it is revealed that the majority of the published reports [30] [31] [32] [33] [34] focused on 1 H-water NMR-lineshape versus temperature in order to establish the freezing point of the confined water. However, any change in the water structure and dynamics induced by the nano-confinement is expected to be also reflected in the 1 H NMR T1, T2 and D values of the water molecules. Such measurements for water-in CNTs have been rarely published [35] [36] . It is noticed that until now, the temperature dependence of the self-diffusion coefficient D of water in CNTs has been examined mainly by using neutron scattering techniques, focused on one or two CNT diameters [37] [38] [39] . Furthermore, in the temperature range investigated in the present work, the difference between the Arrhenius and non-Arrhenius behavior could not be appreciated by neutron scattering methods 39 .
In this paper we utilize two-dimensional 1 H NMR diffusion-relaxation correlation spectroscopy This result is not foreseen by any theoretical calculation method performed until now. Even more, water molecules along the CNTs axis show remarkable deviation from the Arrhenius temperature dependence; a very fragile, almost liquid-like axial water component, persisting even at very low temperatures is formed, with fragility sufficiently higher than that of the bulk water. Computational: Molecular dynamics simulations were used to investigate the diffusion of water inside single walled carbon nanotubes. Different systems were simulated for CNT's with different diameters. Each system consists of a nanotube of length 20nm immersed in a water bath. The nanotubes studied were armchairs (4, 4), (8, 8) , (15, 15) , (18, 18) , (22, 22) , (26, 26) , (37, 37) , and (73, 73) of diameters 0.55 nm, 1.10 nm, 2.06 nm, 2.47 nm, 3.02 nm, 3.57 nm, 5.08 nm, and 10.02 nm correspondingly. The molecular dynamics simulations were implemented using NAMD 40 . Water molecule was represented using the Simple Point Charge/Extended (SPC/E) model, which predicts accurately many of the bulk water properties 41 . The non-bonded interactions between carbon atoms were modeled using the Lennard-Jones (LJ) potential with the parameters (ε = 0.069 kcal/mol, r min = 3.805 Å ) given by Werder et al 8 . The positions of the carbon atoms were held fixed throughout the simulations. The systems were kept at the same temperature of 300 K using Langevin Thermostat. In addition, the pressure was maintained at 1.0 atm using Nosé-Hoover Langevin piston with a period of 100 fs and a damping time scale of 50 fs. The simulations were performed using periodic boundary conditions in which electrostatic interactions were calculated using Particle Mesh Ewald (PME). The simulation integration time step was 2.0 fs. Bonded interactions were calculated every time step while non-bonded interaction was calculated every two steps with a cut-off of 12 Å and switching function of 10 Å.
Experimental and Theoretical
All simulated systems were minimized for 10,000 steps and then gradually heated to the target temperature of 300K. Each system was then equilibrated at 300K for 50,000 steps (100 ps) before the production runs. The production simulations were run for a total time of 50 ns. The system configuration was saved every 500 steps (1.0 ps) for analysis. The water density profile was calculated for each simulated system inside the CNTs in order to elucidate the structure.
The self-diffusion coefficient was determined using the mean squared displacement function . The diffusion coefficients were calculated for all of the water inside the CNT and for all the components obtained from the density profile.
Results and discussion
The water structure inside the CNTs varies upon increasing the CNTs diameter; it forms a 1D chain of water molecules in ultranarrow single walled CNTs (d<1nm), and it is organized into coaxial WTS as the CNTs diameter increases. Figure 1 , shows three MD simulation snapshots of water configuration at room temperature inside CNTs with diameters 1.1nm, 3.0nm, and 5.0nm. Hydrogen atoms and black shaded-circles represent different water layers).
In all three cases, water molecules inside CNT channels are shown to arrange in concentric WTS (black circles in the snapshot), in agreement with previous publications (see for example
Alexiadis et al. 10 and references therein). The number of WTS that can be accommodated inside CNT channels depends on the size and on the Oxygen-Oxygen as well as Oxygen-Carbon interactions 10 . It is furthermore observed that the stratified water arrangement into WTS becomes denser by increasing the CNT size and gradually the dynamics of water molecules approach that of bulk water 10 .
In order to experimentally verify the role of the CNTs diameter on the water structure and dynamics, we conducted 2D respectively. The short T2 signal is assigned to the nanotube water 43 , while the long T2 signal is assigned to bulk and interstitial water, i.e. external water confined in the space between CNTs, which are assembled in CNT-bundles, as explained in detail in ref. 41 . It is noticed that at room temperature, the long T2 signal component includes interstitial as well as bulk water; the latter in the very strong constant magnetic field gradient acquires an effective value T2eff ≈ 10 ms, which is sufficiently shorter than T2 ≈ 2 s in a homogeneous magnetic field 25 . Henceforth, the T2 values acquired by the projection of the D-T2 spectra on the T2-axis refer to the T2eff. Detailed discussion on this is given in the second section of the Supporting Information. Upon lowering temperature, bulk water freezes and the intensity of the NMR signal from the external water decreases rapidly, as observed in Figures 2 and S5 in the SI. Below 273K bulk water becomes invisible due to the extremely low T2 values of ice and only the nanotube and interstitial water are observed. According to Figure S5 for T<273K, the ratio of nanotube to interstitial water signal intensity is ~3. To uncover the nanotube water dynamics, we calculated separately the D projections corresponding to the short T2 signal component, i.e. to the nanotube water. Figure 3 shows the diffusion profile of the nanotube water for all measured samples at 285 K. In all temperatures the diffusion curves acquire an asymmetric distribution with a long tail towards the low D values, which is the fingerprint of uniform 1D restricted diffusion in a set of randomly oriented nanochannels [43] [44] . Remarkably, the diffusion profiles at certain CNT sizes (3.0nm, 3.5nm and 4.5nm) can be fitted with two log-norm distribution functions, with the faster one exhibiting D values up to five times higher than bulk water. Furthermore, in the same CNT size range, the D values of the main diffusion peak are sufficiently higher than those in the rest CNT sizes. For instance, it is found that D2.6 x10 -9 m 2 /s in the 3.5 nm CNT, sufficiently higher than D1.6 x 10 -9 m 2 /s in the 5.5 nm sample. This result is in agreement with previous studies 35, 45 , which
show that the mean D value of water in small CNT sizes is twice as large than in large CNT sizes. At larger CNT diameters D acquires the value of bulk water.
In order to understand the split of water dynamics in two components, MD simulations were conducted at room temperature in different sizes of CNTs, to reveal the local density of the water layers and the diffusion coefficients. Results are presented in temperatures. At this point, it is important to rule out the diffusion of water molecules in the radial direction of the CNT channels. This is due to the large free-energy-barrier between consecutive layers in the radial direction, which might take values as high as 1-2 kcal/mol 10 .
Therefore, radial diffusion is prohibited especially at low temperatures, where molecules do not have sufficient thermal energy to overcome the free energy barrier. Many theoretical explanations have been proposed to explain the fragile behavior of water, such as the change in the translational and reorientation dynamics 48 , the coexistence of high and lowdensity liquid structures [49] [50] , the increasingly collective character of water motions at low temperatures 51 , the freezing of some collective motions [52] [53] , and a connection of hydrogen-bond exchange dynamics to local structural fluctuations 54 . For a quantitative description of our data we adopted the Speedy-Angell power-law approach, having the following form 55 ,
where is the thermodynamic limit at which transport properties become zero 56 , and the exponent γ is associated with the fragility and the formation of an open hydrogen-bond network.
In the case of bulk water, the solid black line is the power-law fit to the experimental data (yellow circles) with Ts=218 K and γ=-2 in agreement with previously reported values 57 .
Evidently, the adopted power law describes adequately the dynamical behavior of bulk water. In This indicates that the fast axial water component attains a very fragile structure 43 , resisting the formation of a hydrogen bonding network upon cooling. Besides, the liquidus temperature of the fast water component shifts to higher temperatures, a behavior associated with the size dependent rise of the melting temperature in very narrow single walled CNTs [58] [59] .
It is furthermore observed that in the specific size range (3.0 -4.5 nm), the 1/D vs. T curve of the slow water component deviates from that of bulk water; specifically, even the outer WTS close to the CNT walls acquires higher liquidus temperature and higher fragility than bulk water. This assignment differs from the picture conveyed by certain MD simulation reports 11 where water close to the CNT walls is shown to diffuse faster, a fact however does not explain the dynamic spatial heterogeneity between the central and the outer WTS components revealed by our experiments. Figure 6 ), are in relatively nice agreement with the experimental results, however, the experimental diffusion maximum is sufficiently stronger than those acquired by the MD simulations. Results in Figure 6 confirm the prediction of diffusion maximum in ref. [11] , while the smaller D values acquired from our MD simulations might be due to slight differences in the boundary conditions, i.e. long open CNTs used to measure diffusion. Furthermore, the low D values in the 1.0 nm CNT is caused by the extreme confinement effect and was reported in early studies on water in small CNT sizes [60] [61] . Another important observation in Figure 6 is that the position of the experimental diffusion peak depends strongly on both the temperature and the CNTs size. The inset in Figure 6 shows the position of the diffusion maximum , in the T vs. d (CNTs diameter) diagram. The highest temperature of is observed at d =3 nm. Evidently, this is linked with the anomalously high liquidus temperature observed in this material, which may be consider as indicator of the onset of atomic scale controlled water dynamics 59 , and dynamically heterogeneous fragility [62] [63] . The substantial slowdown of the nanotube water dynamics by increasing the CNT size might be related to the fact that in large CNT tubes more stratified water layers are formed as also confirmed by our MD results in Figure 4 . It has been reported 10 that above four or five layers the water gradually loses memory of the CNT wall and tends to acquire again the bulk water structure. Therefore, in large CNT channels, the structure of water molecules at the center of the tubes and the hydrogen bond network resemble that of the bulk water phase.
The physical reasons behind the water diffusion enhancement in particular CNT size (3.5 nm) in relative to that in larger size (5.5nm) is still not well understood. Similar observations are obtained by MD simulation 7, [11] [12] and experimental groups 35, 64 . We anticipate that two factors might control the dependence of the diffusion rate; water structure inside different CNT sizes as well as the role of existing functional groups, especially in small size CNTs. Structural and vibrational studies have shown that water structure inside certain CNT size (3.0nm) acquire icelike clusters 45, 65 , having cooperative motion with high diffusion. Water clusters inside CNT channels can therefore smoothly diffuse into these nano-channels. The lower diffusion at smaller CNT size is due to the very small spatial restriction. On the other hand, at larger CNT size, we presume a bulk-phase water structure due to enough available spaces in the inner channels of CNTs. Furthermore, previous reports [66] [67] [68] [69] have suggested that the functionalization of CNTs with oxygen groups might reduce the water diffusion coefficient due to the preferential interaction between oxygenated sites and water molecules.
To the best of our knowledge, this is the first experiment result reporting the existence of a CNT diameter range at which maximum water diffusion occurs. A similar trend is obtained by the MD simulations in Figure 6 , in agreement with previous calculations 7, 9-11, 64, 70 
3.
Comparison between simulated and Experimental 1 H NMR diffusion measurements 4. T2 projections at different temperatures.
5.
Analysis of strong and fragile liquids. immediately following preparation. Bright field images were collected at several magnifications in order to observe structure and size homogeneity. Figure S1 shows representative TEM images for the CNT samples used in this study.
To prepare fully water saturated samples for NMR measurements, CNT powder was immersed in deionized water inside gamma shaped NMR quartz tubes, with outer/inner diameters of 5/3mm respectively. The samples were then let to come to equilibrium at room temperature for three hours. In order to force water into the tube (expelling air out of them), the quartz tubes with the samples were connected to a vacuum system and air was carefully pumped out until small bubbles were observed leaving the immersed powder through the water, clear indication of water replacing the air inside the CNTs. The process was continued until no further air bubbles were observed. At the end of the pumping process, a water loss between 5.0 μl to 10μl was observed in all water immersed samples. Each sample was then flame sealed under vacuum with a small layer of free water left in the vertical part of the tubes ( Figure S2c ). The amount of bulk, interstitial, and nanotube water in the horizontal NMR active region of the filled tubes (dashed yellow line in Figure S2c ) was estimated by using the T2 distributions as described in section 3. 
2D 1 H NMR D-T2 measurements
In this work, for the two-dimensional diffusion, spin-spin relaxation 2D (D − T where t D is the variable delay time between the pulses, and the π/2 pulse is set equal to 4 μs.
For the T2 part of the pulse sequence consists of a Carr-Purcell-Meiboom-Gill (CPMG) [5, 6] spin-echo decay (SED) train with more than 5000 pulses, as shown in the upper panel of Figure S3 . The time interval "2τ" between successive CPMG π pulses was set to 30 μs. In , g is the magnetic field gradient and γ the proton gyromagnetic ratio.
The first two exponential terms in expression (1) The replacement of (D, T 2 ) (log 10 T 2 ) by (D, T 2eff ) (log 10 T 2 ) in equation (3) is legitimated in the following discretization and mathematical formulation of the inversion process:
In discrete representation, the integral equation (2) in equation (3) .
In this context, for fast and accurate inversion of the 2D relaxation data, a tricky non-negative 2D
Tikhonov regularization algorithm was developed in MATLAB. Specifically, 2D data were lexicographically transformed in a single column [4] and subsequently inverted by applying the 1D Tikhonov inversion, as discussed above. Unwrapping the inverted 1D data in two dimensions with an inverse lexicographic algorithm provides the two dimensional D − T 2 contour plots.
The reliability of the inversion, especially at extreme conditions such as very short Figure S5a shows T2 projections of 2D D-T2 spectra at selected temperatures for MWCNT sample. Each projection mainly has two peaks, a short T2 peak corresponding to the nanotube water (water in the interior of the CNTs) and a long T2 component assigned to bulk and interstitial water among CNT bundles. The signal intensities from nanotube bulk and interstitial water inside CNT samples is shown in Figure S5b Figure S6 . The data of the bulk water (red-yellow circles) were added from the literature for comparison published previously [7, 8] .The black curve was obtained by fitting the data (experimental and data from the literature) to the Speedy Angell power law D=D0[(T/Ts)-1] γ with D0=1.635x10 -9 m 2 /s, Ts=215.05K and γ=-2.063. As seen, the experimental data deviate from the Arrhenius behavior (blue line, strong liquid) at around 270K, the temperature at which bulk water enters the metastable super-cooled state below the ''normal'' freezing point. Data of the fast diffusive water group inside CNTs were also successfully fitted to the Power law with fitting parameters, Ts=218 K, γ=-3 (3.5nm, 4.5nm) and γ=-5 (3.0nm). One observation is that the cross over temperatures at which data deviate from Arrhenius behavior occur at even higher temperature compared to bulk. For the fast water group inside 3.5 nm this happens at around 285 K. The degree of fragility can be estimated from the γ parameters; their values are higher in magnitudes for the fast diffusion in comparison to that obtained for bulk water. This is clearly seen from the sudden rise of 1/D data points as a function of temperature compared with to that of the bulk.
T2 Projections at different Temperatures

